The literature on avian adenoviruses is reviewed with particular reference to the virion, number of serotypes, epidemiology, diagnosis and association with disease. Using the serum neutralisation test there are probably at least 12 serotypes which share a common avian group antigen distinct from the mammalian group antigen. The three disease complexes most often associated with avian adenovirus infections are respiratory disease, falls in egg production and hepatitis.
INTRODUCTION This review concentrates on a selected number of topics. The first is the classification of avian adenoviruses, which includes their relationship with one another and with mammalian adenoviruses. The epidemiology, pathogenesis and diagnosis of adenovirus infection is discussed, and detailed attention is devoted to their potential as pathogens.
Antigens and classification
Most of the information on the antigenic structure of adenoviruses has been derived from studies with a relatively small number of human serotypes. However, ultrastructural and biochemical studies have shown that in structure and composition avian and mammalian viruses are closely similar. Since the major antigens of the human viruses have been related to structural components of the intact virions, it seems logical to assume that the antigens of the avian viruses are similarly located.
It has been recognised for some time that the growth of adenoviruses in susceptible cells is accompanied by the production of virus-specific antigens (Heuber et al., 1954; Pereira et al, 1959) , in excess ofthat required for assembly into complete virions (White et al., 1969) . Pereira et al. (1959) demonstrated three types of antigen using immuno-electrophoresis, designated A, B and C. The same antigens were separated by elution from DEAE-cellulose by Wilcox and Ginsberg (1961) and were called E (early eluting), L (late eluting), and T (toxin). Ginsberg et al. (1966) proposed that these antigens be named hexon (antigen A or L), penton (antigen B or toxin) and fibre (antigen C or E). The component now called the hexon has been identified as the carrier of the group-specific antigen (Allison et al., 1960) and the antigenic factor responsible for group reactivity was designated a (Pereira 1960) . Similarly, the antigenic factor present in the penton was designated ß and that on the fibre, as 7. However, antiserum prepared against purified hexons is not only group reactive, but also neutralises virus infectivity (Wilcox and Ginsberg, 1963; Kjellen and Pereira, 1968) i.e. the hexon also possesses type-specificity. The type-specific component of the hexon was designated 2 to correspond to the nomenclature of Pereira (I960) . Other workers subsequently confirmed the hexon as the major antigen involved in neutralisation of adenovirus by antibody, and thus established that type (2) and group (a) specificity were present on the hexon (Wigand and Meiser, 1969; Pettersson, 1971 ). Shortridge and Biddle (1970) isolated three species of hexon from complete virions. These were (a) peripentonal hexons i.e. those having a penton as one of their nearest neighbours, (b) adjacent hexons i.e. those lying along the 20 adjacent sides of the virion and (c) hexons proper i.e. the inner triangular facet of six hexons in each triangular plane of the virion. Shortridge (1972) showed that neutralising activity was confined exclusively to adjacent and peripentonal hexons.
The antigen present in the fibre (antigen 7) interacts with erythrocytes and is type-specific (Pereira and de Figueiredo, 1962) . Thus for viruses which haemagglutinate, haemagglutination-inhibition (HI) can be used to investigate adenovirus relationships. With human viruses, results of HI tests tend to agree with the serotype classification determined by the neutralisation test.
Another antigen (antigen A) present in the fibre is responsible for intra-subgroup reactions with the human viruses (Wadell and Norrby, 1969) . Although the possession of a group-specific antigen was included as one of the essential characteristics of the adenovirus group (Rowe et al., 1955) , the finding that avian adenoviruses did not share the mammalian group antigen (Sharpless 1962) was thought not to justify their exclusion since details of their structure and composition were common to all adenoviruses (Pereira et al, 1963) . Other workers have confirmed the absence of the mammalian group antigen in avian viruses (Laver et al, 1971 ; Potter et al, 1971 ; McFerran et al., 1972; 1975) . However, although the avian isolates do not share the mammalian group antigen, they do possess a group specific component common to themselves. Thus Kawamura etal. (1964) found that eight serologically related Japanese serotypes shared an antigen, detectable by complement fixation and gel diffusion. McFerran et al (1975) also demonstrated an antigen shared between eight serotypes of fowl adenovirus and two turkey adenovirus serotypes.
Fowl adenoviruses
Using the serum neutralisation test it has been possible to divide the fowl isolates into a number of different serotypes. Thus Clemmer (1964) compared a number of her isolates (Strains 65, 93 and 95) with four GAL strains (Sharpless, 1962) and EV89 (Burke et al., 1959) and was able to divide these isolates into two serological groups. Group A consisted of GAL1, GAL2, strain 65 and strain 95 and Group B of GAL3, GAL4, strain 93 and EV89. Burke et al (1968) extended this work by comparing GAL1-4 EV89, Celo (Phelps) (Yates and Fry, 1957) , C9103 (Burke etal, 1965) and U Conn (Chomiak et al, 1961) . These strains also were divisible into two serotypes. Type 1 consisted of Celo (Phelps), GAL3, GAL4, EV89, C9103 and U Conn, whilst type 2 had GAL1 and GAL2. Taylor and Calnek (1962) recorded the classification of 45 faecal isolates into 15 antigenic groups, of which one was probably not an adenovirus. These isolates were further studied (Calnek and Cowen, 1975) and were grouped into 10 distinct serotypes, whicli will be considered later. were able to classify 99 isolates into eight serological groups; Ote, KR-5, TR-22, YR-36, SR-48, SR-49, TR-59 and CR-119. Ote was found to be identical witli Celo and SR-48 identical with GAL . Although these divisions were clear cut it should be noted that some antigenic crossing did occur, notably between SR-48 serum and TR-22, YR-36 and SR-49 virus and TR-59 and CR-119. Khanna (1966a) described the isolation of six strains of adenovirus from fowl in Hungary, including strains similar to fowl adenoviruses (FAV) 1 and 2 (see Table 1 ). McFerran et al. (1972) placed 167 adenoviruses into seven serological groups. They confirmed the Japanese classification and were able to show that six Northern Ireland and six Japanese groups were identical. The remaining Northern Ireland group (764) did not correspond with any of the Japanese groups and was considered a new serotype, thus giving nine fowl adenovirus serotypes. ). c McFerranefal. (1972 . d Calnek and Cowan (1975) . e Khanna (1966a) .
However, during serological typing of isolates using 20 units of antiserum (Kapikian et al., 1967) it was found that a number of isolates were recognised which were neutralised, at least in part, by antiserum to 764 and the Japanese TR-59. This anomaly was resolved when it was found that Hungarian VI antiserum neutralised both viruses. In view of this McFerran et al. (1975) suggested that 764 and TR-59 should be considered one serotype, with Hungarian VI as the prototype virus. Calnek and Cowan (1975) compared their American isolates with the Northern Ireland isolates, and found that six of the serotypes were similar, that their isolates A-2, C-2B and X-l 1, were new serotypes and that they had no serotype similar to SR-49. As they did not have the CR-119 or YR-36 serotypes to compare with their new serotypes, this meant that there were potentially between 10 and 12 fowl adenovirus serotypes. It is not possible to resolve at present how many adenovirus serotypes have been isolated, until the position of the strains with broad antigenicity has been resolved. Thus the use of 20 units of Hungarian VI antiserum will allow the detection of both 764 and TR-59 (or 58) serotypes, but 764 and TR-59 show virtually no cross reactivity Calnek and Cowan, 1975) and it is a matter of opinion whether these strains should be considered as one or two serotypes. The current situation is shown in Table 1 , with a proposed numbering system, which is used elsewhere in this review.
Turkey adenoviruses
There has been evidence for the presence of antibody in turkeys to the fowl adenovirus group antigen for some time (Ahmed, 1971b; Yates et al, 1960) . Confirmation that adenoviruses did infect turkeys naturally came when viruses were isolated (Ahmed, 1971a; Scott and McFerran, 1972) . Ahmed (1971a) isolated a virus in turkey liver cells from a flock suffering from sinusitis and swelling of the joints. Initial isolation attempts in embryonated eggs were un-successful, but once isolated in cell culture it grew in both fertile turkey and fowl eggs. The turkey embryos showed liver necrosis. The virus shared a common group antigen with fowl adenoviruses. Scott and McFerran (1972) made eight isolates from 4 flocks, suffering from conjunctivitis, air sacculitis and nephritis. All isolates were made in turkey cell cultures. The viruses did not grow in chick embryo fibroblasts or chick kidney cells in bovine, porcine or ovine kidney cells or in Vero or Hep2 cells. They had the characteristic adenovirus morphology, ranging in size from 65-80 nm with a mean diameter of 71 nm. One isolate, TAV-1, did not agglutinate a wide range of erythrocytes, was stable to acid and chloroform treatment and magnesium ions decreased the thermostability at 50°C. In its behaviour to IUDR and staining with acridine orange it was considered to be a DNA virus. Scott (1974) investigated the effect of infecting turkeys with TAV-1 using a combined oral-intranasal route. No signs of disease or pathological lesions were found. Virus could be re-isolated from most organs on the 4th day, from the respiratory tract until the 7th day and from the intestines for 11 days after infection. Neutralising antibody to TAV-1 was found to persist for 1 year when the experiment was terminated. Precipitins were seen on the 8th day and were no longer detectable after a further 8 to 20 days. Challenge with TAV-1 or with FAV-1 (112) 40 weeks after initial exposure produced precipitating antibodies which lasted at least 7 weeks. Challenge with the human adenovirus serotype 5 failed to elicit a response.
In addition Scott (1974) described the isolation of a further nine isolates from the respiratory tract and five from the faeces of diseased turkeys. Most isolations were made in 1969 during a severe outbreak of respiratory disease. Three made in 1971 were from birds with air sacculitis. Antibody studies in 19 commercial flocks in Northern Ireland showed 69.9% had neutralising antibody and 12.3% had precipitating antibody. These turkey isolates can be classified into 2 serotypes, TAV-1 and TAV-2. There is no cross neutralisation with the recognised fowl adenoviruses, but they do share the common group antigen (McFerran et al., 1975) . (Simmons et al., 1976) have reported the isolation of an adenovirus, NC-120, from turkeys with respiratory disease. This isolate was only recognised after five passes in turkey cell culture when a 'block or brick' shaped cytopathic effect was seen. After 15 cell culture passes the typical adenovirus cytopathic effect was seen. Although the donor turkeys originated from an adenovirus infected flock the authors were apparently able to exclude latent adenovirus infection because virus was not isolated from the control cell cultures. This virus was not inhibited by IUDR or BUDR, but was classified as a DNA virus as the result of incorporation of ( 3 H) thymidine. It was 78 nm in diameter, had an icosahedral configuration and was seen only in the nucleus. The isolate was not pathogenic for poults with antibody and it did not produce changes after three passes in SPF eggs. Csontos (1967) reported making 26 isolates in gosling kidney monolayer cell cultures from geese faeces and from unhatched goose embryos. Most isolates were made from 1 to 2 month old geese and no isolates were made from birds younger than 3 weeks or older than 1 year. Following isolation, these viruses could replicate in chick cell cultures but were not related to the prototype Hungarian fowl serotypes (Khanna, 1966a) . One isolate studied was stable to chloroform, sodium deoxycholate, trypsin and pH3. Magnesium ions reduced its thermostability at 50°C and multiplication was inhibited by IUDR. Goose, chicken and guinea pig erythrocytes were neither agglutinated nor absorbed by infected cell cultures. Kaleta (1969) has reported the isolation in embryonated eggs of an agent from geese. The relationship between this isolate and those of Csontos (1967) has not been established.
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Goose adenoviruses
The serological classification of adenoviruses is not just an academic pursuit. If these viruses do prove to be pathogens and if vaccines are required, then typing will be important, as the group antigen appears to confer very little protection against infection.
It is evident from their physical and chemical properties that these viruses are similar to the mammalian adenoviruses. There appears to be no justification to retain the names CELO, GAL or QBV, and therefore these names should be dropped. The designation CELO is especially dangerous since many workers regard it as a synonym for fowl adenoviruses. Also the term avian adenoviruses should be used with caution since viruses belonging to different avian species e.g. fowl and turkey, are included. Therefore it is suggested that adenoviruses infecting avian species should be prefixed by the species from which they have been isolated, e.g. fowl adenoviruses (FAV), turkey adenoviruses (TAV), in the same manner as their mammalian counterparts.
Properties of fowl adenoviruses
Structure
Avian adenoviruses have a structure in common with all other members of the adenovirus group (Macpherson et al., 1961 ; Dutta and Pomeroy, 1963) . Early estimates of their diameter indicated that they were larger than their mammalian counterparts. Macpherson et al. (1961) estimated the diameter of GAL virus to be 95 to 100 nm, compared to the 70 to 75 nm estimated for the diameter of other adenoviruses (Home, 1962) . However, Dutta and Pomeroy (1963) found that purified FAV-1 virus particles measured 73 nm in diameter. Later, FAV-2 virus was shown to be similar in size (Dutta and Pomeroy, 1967 ) and a type 8 virus (764) was shown by to have a mean diameter of 74 nm. FAV-1 particles seen in thin sections of chick embryo kidney cells had an estimated diameter of 70 nm (Petek et al., 1963 ; Jasty et al., 1973) and contained a central nucleoid measuring approximately 40 nm. Macpherson et al. (1961) in a study of the fine structure of FAV-2 reported particles hexagonal in shape with well defined capsomeres. The capsomeres appeared elongated and were arranged in facets of equilateral triangles as described for human adenovirus (Home et al., 1959) . Individual particles had a hexagonal profile indicating icosahedral symmetry, and the number of capsomeres occupying the facet edges was estimated as six, giving a total of 252 for the virus capsid, which was the same number of capsomeres estimated by Home etal. (1959) for other adenoviruses. The electron micrographs of Davies and Englert (1961) revealed essentially the same features, but the number of capsomeres was estimated at 162, compared with 252. However, this estimation was later corrected to 252 (Watson et al., 1963) thus confirming the findings . of Macpherson etal. (1961) and establishing that the avian isolates were essentially similar in structure to the mammalian viruses.
The 252 capsomeres of human adenoviruses were found to be arranged in an icosahedral capsid with 12 vertices and 20 triangular faces (Home et al., 1959) . The 240 capsomers which formed the triangular faces and edges, each of which was surrounded by six neighbours, were subsequently given the name hexons (Ginsberg et al., 1966) . Single capsomeres located at the vertices and surrounded by five neighbours were called pentons (Ginsberg et al., 1966) . The pentons of the human viruses were found to be complex consisting of an antenna like projection, the fibre, and the vertex capsomer or penton base (Valentine and Pereira, 1965) . With the avian viruses pentons have only been described for particles of FAV-1, and variations in fibre length have been reported. Thus Laver et al. (1971) reported two fibres on FAV-1, one of which was long (42.5 nm) and the other short (8.5 nm). Norrby (1971) noted fibres of 14 nm on FAV-1 virus, similar to members of Rosen's subgroup 2 which FAV-1 resembles in its haemagglutination properties. El Mishad et al. (1975) , however, demonstrated fibres measuring 17.5 nm on FAV-1 particles. Potter etal. (1971) and Laver et al. (1971) investigated the protein and nucleic acid composition of FAV-1 (Celo). Potter etal. (1971) found that partially purified FAV-1 had a density of 1.32 g/cc in CsCl density gradients. Laver et al. (1971) described a buoyant density of 1.35 g/cc. Observations in this laboratory (unpublished) have indicated similar buoyant densities (1.34 to 1.35) for other serotypes of avian adenovirus (FAV-5, FAV-7, FAV-8). These are similar to the buoyant densities of human adenoviruses (Green and Pina, 1963) .
FAV-1 was estimated to be composed of 80.7% protein and 17.3% DNA (Laver et al., 1971) compared with 86 to 88% protein and 11 to 13% DNA for human adenoviruses (Schlesinger, 1969) . Laver etal. (1971) described five or six proteins in purified FAV-1 preparations using polyacrylamide gel electrophoresis compared with the six to nine proteins present in human adenoviruses (Maizel et al., 1968; Laver, 1970) . The total particle weight was estimated as 173 x 10 6 daltons similar to other adenoviruses (Schlesinger, 1969) . The molecular weight of FAV-1 DNA was estimated to be 30 x 10 6 daltons (Green et al, 1961 ; Laver et al, 1971 ), compared with 23 x 10 6 daltons for human adenoviruses. However, Robinson etal. (1973) demonstrated identical structures for the DNA of mammalian and avian viruses. The DNA was isolated as a circular DNA-protein complex and was visualised as a linear molecule with the ends joined by a protein. Laver et al. (1971) estimated the guanine-cytosine content of FAV-1 DNA as 54%, slightly greater than the guanine-cytosine content of the highly oncogenic human viruses (47-49%) but less than the non oncogenic types (57 to 59%) (Philipson and Pettersson, 1973) .
Effect of physical and chemical agents
Avian adenoviruses generally show remarkable resistance to heat inactivation although marked differences in sensitivity between strains have been recorded. Yates and Fry (1957) found that FAV-1 (Phelps) remained viable after 90 min at 56°C. Another FAV-1 strain (EV-89) was still viable following 22 hours at 56°C (Burke et al, 1959) whereas Petek etal. (1963) found that FAV-1 (U. Conn.) was inactivated after 1.5 hours at 56°C. A FAV-1 strain isolated by Clemmer (1964) (strain 93) was still viable following 30 min at 70°C, however, 80°C for 30 min destroyed all infectivity. FAV-2 (65) was not completely inactivated after 40 min at 60°C and a type 2 virus (strain 74) isolated by Cho (1971) was resistant to 50°C for 3 hours. Rosenberger et al. (1974) found that three strains resisted 50°C for 3 hours, but a fourth strain was inactivated. Three strains isolated in Australia (Mustaffa-Babjee and Spradbrow, 1975) were stable for 20 min at 56°C. One strain showed some activity after 5 hours at 56°C whereas the other two were inactivated.
Several reports have indicated that the stability of these viruses to heat is greater when they are suspended in monovalent cations compared to divalent cations, a property which adenoviruses have in common with other DNA viruses. Thus Petek et al. (1963) found that inactivation of FAV-1 by heating was enhanced by magnesium ions. Later Burke etal. (1965) found that FAV-1 (9103) was stable at 50°C in NaCl but not in Mg Cl 2 . Similar results were reported later with other isolates (Burke et al., 1968) . A decreased stability in the presence of divalent ions was demonstrated by for a type 8 virus (strain 764). These reports contradict the results of who found that eight Japanese serotypes were stable at 50°C for 1 hour in Mg Cl 2 . However, this may reflect variation in test procedure and serves to reinforce the view of Burke et al. (1968) that a uniform test procedure should be agreed upon.
FAV-1 (U. Conn.) was shown to be 15 times as resistant as NDV (F strain) to ultraviolet irradiation, and 10 times as sensitive to photodynamic inactivation (Petek et al., 1963) . Resistance to ultra-violet irradiation was also reported by Adlaka (1966) for FAV-1 (Delhi).
Several reports have indicated a high degree of stability in organic solvents. demonstrated the stability of the eight Japanese strains in chloroform, ether, sodium deoxycholate and trypsin. FAV-1 (U. Conn.) was shown to be resistant to 0.25% trypsin (Petek et al, 1964) chloroform, ether, sodium deoxycholate, 2% phenol and 50% alcohol (Petek et al., 1963) . 100% ethyl alcohol caused complete inactivation as did ethyl alcohol and iodine mixture.
Resistance of other FAV-1 strains to ether, chloroform and deoxycholate has also been noted by Burke et al. (1965 and 1968) and McDougall and Peters (1974) . Clemmer (1964) found FAV-1 (93) resistant to several Genetron (Fluorocarbon) treatments, but sensitive to a 1 in 10,000 concentration of formaldehyde. Resistance of FAV-2 (C74) (Cho 1971) , and a type 8 FAV (764) to chloroform has also been described. The viruses are also resistant to variations of pH (Adlaka, 1966; Burke et al., 1965; 1968; Cho, 1971; Mustaffa-Babjee and Spradbrow, 1975) .
Inhibition of virus growth by IUDR and BUDR has been used on several occasions to confirm the nucleic acid as DNA (Burke et al., 1965; 1968; Cho, 1971 ; McDougall and Peters, 1974; McFerran et al, 1972; Petek et al, 1964) .
Cytopathology in vitro
As with other adenoviruses, the cytopathology after infection with avian viruses in vitro is limited almost exclusively to lesions in the nucleus. Early studies on the cytopathology of avian adenoviruses were concerned with FAV types 1 and 2. Chomiak etal. (1961) found that FAV-1 caused the nucleus to enlarge and become filled with basophilic granules. Later, intranuclear inclusion bodies of compact basophilic granules were formed.
In electron microscope studies of thin sections of cells infected with FAV-2 (GAL) the first signs of infection were seen between 16 and 20 hours post inoculation (PI) and consisted of ring or partial ring formations of medium electron density . Similar structures in cells infected with a human adenovirus (type 12) were shown to be composed of protein associated with DNA (Martinez-Palomo et al., 1967) . These inclusions increased rapidly in size and virus particles began to appear between 20 and 30 hours PI. The nucleus became enlarged, the nuclear membrane showed some distortion, and virus particles became arranged in crystalline formations which increased in size until the nucleus disrupted. Similar changes were described by Petek et al. (1963 and in cells infected with FAV-1. Jasty et al. (1973) also reported the development of single bundles of parallel fibres in FAV-1 infected cells. It may be significant that these structures have only been described with oncogenic adenoviruses. Also noted were small densely stained and more or less homogeneous inclusions, possibly corresponding to inclusions seen in cells infected with human adenovirus type 12 (Martinez-Palomo et al., 1967) which were shown to be composed of protein. found that eight Japanese serotypes of adenovirus showed differences in the morphology of their intranuclear inclusions. Two types of inclusion were recognised i.e. 'reticular' and 'aggregate'. Later Maeda et al. (1967) studied the stages in the development of each type of inclusion and correlated this with electron microscope findings. FAV types 1, 2, 4 and 8 gave rise to 'reticular' inclusions, while types 3, 5, 6 and 7 gave rise to aggregate inclusions. With 'reticular' inclusions, small eosinophilic bodies in the nucleus were the first sign of infection. Later these stained basophilically, and basophilic fibres also appeared, joining the granular inclusions to form a reticular network. The staining intensity increased throughout the development of the inclusion. The predominant early ultrastructural feature was the appearance of semi electron-dense aggregations in the nucleus, similar to those described in cells infected with other avian and human adenoviruses (Sharpless et ai, 1961 ; Martinez-Palomo et al., 1967) . Virus particles appeared later and were located around these inclusions. Particles increased in number and in some nuclei formed crystals. In late stages, virus particles in clumps and crystals, along with the semi electron-dense inclusions were scattered throughout the nucleus.
With 'aggregate' inclusions the earliest sign of infection was the development of several eosinophilic inclusions which had a granular appearance. Later, nuclei appeared subdivided into lobules, each containing a single basophilic inclusion. Other nuclei had one or more central basophilic inclusions. Ultrastructural features were similar to the "reticular" type nucleus. However, virus particles and semi electron-dense inclusions were aggregated in later stages in the central area of the nucleus. This feature represented the major difference at the ultrastructural level between the reticular and aggregate inclusions.
Studies carried out at this laboratory on the cytopathology of fowl adenoviruses from different parts of the world (Adair, 1976) have also indicated a division into two groups similar to those described by Maeda et al. (1967) . The first group (group A) comprised FAV serotypes 1, 2, 4, 5 (strains 340 and Tipton) and 8 (strains H-6, 58 and TR-59). The second group (group B) comprised serotypes 3, 5 (strain TR-22) 6, 7 and 8 (strain 764). Group A corresponds to the "reticular" group of Maeda et al. (1967) and group B to the 'aggregate' group. However, it was found that the major differences between the types of inclusion produced were in the early stages of infection, rather than in the middle and late stages. Thus the group A viruses produced in early stages of infection multiple highly-refractile "pearl-like" inclusions. Group B viruses on the other hand gave rise to irregular non-refractile eosinophilic bodies which appeared slightly granular. Granular basophilic inclusions were also present and granular refractile inclusions appeared later, within the eosinophilic bodies. The "reticular" and "aggregate" designations of Maeda et al. (1967) were found to be misleading in these studies since "reticular" networks were also seen in cells infected with viruses of the "aggregate" group and vice-versa. Mustaffa-Babjee and Spradbrow (1975) in a study of three strains of avian adenovirus isolated in Queensland also reported "reticular" and "aggregate" inclusions in cells infected with one strain of virus.
In the studies at Stormont, differences were also observed at the ultrastructural level between viruses belonging to groups A and B, and by immunofluorescence. Thus with group A viruses, virus particles tended to accumulate towards the nuclear periphery, with the electron-dense and semi electron-dense inclusions being largely confined to the centre of the nucleus. This corresponded to fluorescent antibody observations where in middle and late stages of infection the brightest fluorescence was seen in the peripheral nuclear area. With viruses belonging to group B, aggregates of virus were seen not only in the peripheral area but freely dispersed among the electrondense and semi electron-dense inclusions in the central nuclear area. This was also borne out by fluorescent antibody studies which showed in later stages of infection nuclei full of bright inclusions, corresponding to the virus aggregates. This is at variance with the findings of Maeda et al. (1967) .
Haemagglu tination
The ability of human adenoviruses to agglutinate erythrocytes was first demonstrated by Rosen (1958) . Later Rosen (1960) showed that the human adenoviruses could be grouped according to their haemagglutination properties. A first subgroup agglutinated rhesus monkey but not rat erythrocytes. A second subgroup agglutinated rat but not rhesus monkey erythrocytes and a third subgroup caused partial agglutination of rat but not rhesus monkey erythrocytes. A fourth subgroup comprised those viruses causing no agglutination of rat or rhesus monkey cells.
No haemagglutination or haemadsorption of fowl erythrocytes was found by for the 8 Japanese serotypes. Other workers have also failed to observe agglutination of fowl erythrocytes with FAV-1 (Burke et al., 1968; Gemmer, 1964) and FAV-5 (Fadly and Winterfield, 1975; Rosenberger et al., 1974) . Krauss (1965) tested erythrocytes of several species including man, baboon, pigeon, mouse, rabbit, guinea pig, rat, pig and horse for agglutination by a FAV-1 isolate, without success.
However, although Burke et al. (1968) using FAV-1 (strains Phelps, EV89, C9103, GAL3 and GAL4) and Clemmer (1964) using FAV-1 (strains EV89, 93, GAL3 and GAL4) got no agglutination with sheep erythrocytes, Fadly and Winterfield (1975) were successful with FAV-1 (Indiana C)but not FAV-1 (Phelps).
A number of FAV-1 strains have been shown to agglutinate rat erythrocytes (Burke et al, 1968; Clemmer, 1964) . Anderson et al. (1971b) demonstrated that haemagglutination by the Phelps (FAV-1) strain was associated with bands containing virus in caesium chloride gradients. Peaks of haemagglutinating activity were recorded at densities of 1.32 and 1.34 g/cc in association with bands of incomplete and complete particles.
Later El Mishad et al. (1975) demonstrated that FAV-1 (Phelps) failed to agglutinate dog, guinea-pig, hamster, human, mouse, rabbit and rhesus monkey erythrocytes. Rat cells were agglutinated and haemagglutination took place at 4°C and 37°C. Maximum haemagglutination titres, however, were achieved at pH 6 to 9 between 20° and 45°C. The haemagglutinin was inactivated after 15 min at 56°C but was stable to treatment by trypsin, RNase, DNase and neuraminidase and was only slightly affected by periodate or ficin. 0.2% formaldehyde reduced the titre by eight-fold. The virus in negative-stain electron microscopy was seen to be attached to erythrocyte ghosts by the fibre which measured 17 nm. The receptors on rat erythrocytes were destroyed by trypsin and ficin but not by neuraminidase, formaldehyde, RNase. DNase or periodate.
Thus in agglutinating rat cells, the virus resembled the human adenoviruses belonging to Rosen's subgroup 2, however, the fibre length (17 nm) was similar to subgroup 3 members.
Pathogenesis
Much of the work on experimental infection with specific serotypes of avian adenovirus is difficult to interpret because no attempt was made to exclude other serotypes and the experimental birds often had maternal antibody to the serotype under study.
The sites of virus recovery from naturally infected birds indicate that these viruses are widely distributed. Thus adenoviruses have been isolated from the peripheral blood (Cho, 1970) , bursa (Mustaffa-Babjee, 1971), central nervous system (Todaef al., 1968) , faeces (Burke et al., 1959) , trachea , conjunctiva, pharynx and lung (McFerran et al., 1971), kidney (McDougall and Peters, 1974) and liver and spleen (Bakos, 1963) . infected 1-day-old chickens orally with FAV-1 (Ote) and demonstrated widespread dissemination of virus in the body, with maximum titres in the trachea and faeces. Virus was still recoverable from the trachea, lung, bile and gut on the 13th day after infection and in the faeces on the 20th day. A viraemia was indicated, not only by the widespread distribution of virus, but also by the isolation of virus from the serum on the 4th day. In 12-month-old birds, infected intravenously with Ote a similar pattern was seen, although virus was not re-isolated after the 9th day and the highest titres found were in the trachea, bile, liver and intestine (Kawamura and Horiuchi, 1964) . Clemmer (1965) studied the multiplication of FAV-1 (93) in the intestine of chickens. She found the highest virus concentration in the oesophagus, terminal ileum and caeca. The virus was excreted in the faeces up to 14 days after infection, with maximum titres between the 4th and 7th day. In the terminal ileum the viral antigen was present in some columnar and goblet cells of the epithelial layers of the villous surface. They postulated that the cells were infected in the base of the villus and migrated to the surface of the villus during the 5 to 10 hours required for viral replication (Clemmer and Ichinose, 1968) . In a later study Clemmer (1972) was able to differentiate between a juvenile and an adult pattern of virus excretion, depending on the age at infection. If infected at 1-day-old, higher viral titres (10 6 ), persisting for longer periods at peak titres (7-9 days) and excretion for longer periods (11-18 days) were found than for chicks infected when older than 21 days, where peak titres (10 4 ' 5 ) for 5-7 days were found and virus was no longer present in the faeces after 11 days. When 17-day-old embryos were inoculated with FAV-1 (Phelps) virus was found in the sera of the chicks after hatching and up to 21 days of age in the oviduct (Jordan and Nassar, 1974) . Virus could also be isolated from the trachea, liver, kidney and caecal tonsils up to 10 days of age and from the oviduct up to 21 days of age. Using two strains of FAV-1 (B1209 and Phelps) to infect chicks by the intravenous route, intra-tracheal route or by aerosol exposure, Aghakhan and Pattison (1974) also found the virus in most organs up to 10 days, when it was recovered only from lung, trachea and faeces. It is interesting that two groups (Aghakhan and Pattison, 1974; found that in spite of the presence of the virus in so many organs, no isolation was made from the central nervous system.
In a study of experimental infection of two strains of birds with FAV-2 (GAL) by the intramuscular route, the intra-tracheal route and the intra-tracheal route under anaesthesia, Kohn (1962) also found relatively widespread distribution of virus in spite of quite high levels of maternal antibody. Cook (1974b) also recovered virus from most organs, and found the highest titres in the liver and intestine.
Inoculation of the FAV-5 (Tipton) into 6-day-old chicks resulted in a viraemia and the virus could be recovered from the liver . Strains of eight fowl adenovirus serotypes, including the proposed type strains and low passage field isolates, inoculated intramuscularly into 5-day-old chicks could be isolated from the livers of these birds when killed 3 days later (McCracken et al., 1976) .
From the evidence available it seems most, if not all, strains of avian adenovirus follow the same pattern of infection. Following initial multiplication there is probably a viraemia, resulting in virus spread to virtually all organs. It is conceivable that the blood-brain barrier normally prevents entry of virus into the central nervous system. The main sites of virus replication appear to be in the respiratory and alimentary system, and especially in the trachea and caeca.
Epidemiology
Virus excretion
From the studies on pathogenesis it is clear that excretion in the faeces and to a lesser extent in the naso-oral secretions must be major factors in the spread of fowl adenoviruses. Thus Kohn (1962) recorded peak faecal titres of 10 7 50% tissue culture infective doses (TCID 50 ) per g for FAV-2 on the 7th day after infection with virus still present until day 14. found the Ote strain was excreted for 20 days in the faeces. Clemmer and Ichinose (1968) obtained peak titres 4 to 7 days after infection (10 4-7 TCID S0 per g), and excretion continued for 14 days. Cook (1972) was still able to isolate virus from the trachea of birds infected 4 weeks previously. Surprisingly Ahmed (1971) was still isolating virus from the gall bladder and intestines of birds 93 weeks after infection. In view of the resistance of fowl adenoviruses to physical and chemical agents it could be postulated that the virus present in the litter was reinfecting the birds, producing this abnormal excretion pattern. Field studies do not support this view because Khanna (1966b) found in a field flock that the maximum duration of virus excretion did not exceed two months.
Under normal conditions the virus is not highly contagious within a flock. Thus Cook (1970) suggested that it took weeks to infect a flock of chickens and this slow spread has been observed in naturally infected flocks (Van Eck et ai, 1976) . This is probably because airborne transmission is not an efficient method of spread (Cook, 1974a; Kohn, 1962; Montgomery, 1974; Monreal, 1966a) . However, under natural conditions, and especially if infectious bronchitis is present, the spread of adenovirus within a flock can be very much quicker (McFerran, unpublished observation). Yates and Fry (1957) , in the course of investigating a variety of clinical conditions in mammals and birds, made a number of isolates from embryonated eggs. It became apparent that the agents must have been latent in the embryonated eggs and that eggs containing these agents were produced by the parent flock for at least 3 months. Investigation of the flock showed that only 50% had antibody and presumably this slow spread was responsible for the prolonged excretion in the eggs. Similarly, attempts to isolate the virus of lumpy skin disease of cattle in embryonated eggs resulted in the isolation of fowl adenovirus from the eggs (Van den Ende et al., 1949) . Dubose and Grumbles (1959) , Khanna (1966a) and Cook (1968) record the isolation of adenovirus from uninoculated eggs. It is interesting that Cook (1968) states that the flock producing these infected eggs showed exceptionally high egg production and hatchability.
Egg transmission
Avian adenoviruses can also be present in cell cultures produced from embryos or chicks. Thus two groups independently recorded the adaptation of the avian leucosis virus to cell culture (Fontes et al., 1958; Sharpless et al., 1958) , but these viruses were later found to be avian adenoviruses (Burmester et al., 1960) belonging to serotypes 1 and 2 (Sharpless, 1962; Burke et al., 1968) . Similarly the report of the adaptation of avian encephalomyelitis to cell culture (Hwang et al., 1959) had later to be withdrawn on the realisation that it was an adenovirus (Hwang et al., 1960) . Workers using chick or chicken embryo cell cultures soon began to recognise the spontaneous degeneration of cell culture due to the unmasking of latent adenovirus, usually following the replacement of growth with maintenance media. Such a case was described by Burke et al. (1965) and this experience has led many workers to establish SPF flocks. Because of the unsuspected presence of adenovirus in embryonated eggs it is not surprising that contamination of biological products has been found. Thus an infectious laryngotracheitis vaccine was found to be contaminated with an avian adenovirus (Cox, 1966) . A study of 12 strains of infectious bronchitis showed five also had adenovirus (Berry and Stokes, 1968) , as had a strain of infectious laryngo-tracheitis virus (Aghakhan, 1974) . In a number of these examples it is not clear if the original inoculum contained the adenovirus and during subsequent passage the adenovirus outgrew the other virus, or whether the adenovirus was acquired during passage.
Serotypes
One feature of the epidemiology of fowl adenoviruses is the exceptionally high numbers of serotypes that can be found on one farm. Thus workers in the USA (Yates et al., 1976) isolated 56 adenoviruses from the faeces of birds on four farms and were able to classify these isolates into seven serotypes, and Khanna (1964) found at least six serotypes on six farms. This has also been the experience at Stormont, where two and on one occasion three serotypes have been isolated from one bird (McFerran and Connor, unpublished) . The most reasonable explanation for this phenomenon would appear to be that adenoviruses are transmitted through the egg and as the birds lose their maternally derived antibody, there is considerable mixing of serotypes between birds originating from different breeding farms.
Other avian species
Serological studies suggest that other domestic and wild birds can be infected with avian adenoviruses. Most of this work has been carried out using a test to detect the avian adenovirus group antibody, and therefore it cannot be concluded that these birds were infected with fowl serotypes. However, it has been shown that fowl adenoviruses can infect quail (Olson, 1950) , turkeys (Blalock et al., 1975) , guinea fowl (Pascucci et al., 1973) and a number of other species, including budgerigars, ducks and pigeons (McFerran et al., 1976b) . It is unlikely that other avian species have a major role in the epidemiology of intensively housed fowl, however, they could be important in introducing virus into an uninfected flock, such as one kept for producing SPF eggs.
Diagnosis
Virus isolation
Although it is probable that all fowl adenoviruses multiply in the embryonated egg, not all serotypes cause recognisable lesions. Thus found that when high virus concentrations were inoculated onto the chorio-allantoic membrane, all serotypes, except FAV-3 (SR49), produced lesions. However, when high concentrations were inoculated into the allantoic cavity, only FAV-1 (Ote), and FAV-6 (CR-119) killed the embryos, and if more dilute suspensions were used, only FAV-1 killed embryos. The importance assigned by diagnostic laboratories to certain serotypes, e.g. FAV-1 (Indiana C) or FAV-5 (Tipton), may be in part due to the use of embryonated eggs for diagnosis and their failure to isolate the other serotypes. Field experience supports the value of cell culture for isolation of adenoviruses. Thus Burke et al. (1959) made only 3 isolates in embryonated eggs compared to 45 in cell culture.
Most isolates have been made in chick kidney cell cultures (Khanna, 1964; McFerran et al., 1972; Taylor and Calnek, 1962) . Although some workers have found that chick embryo liver cells are superior to kidney or lung cells , experience in our diagnostic laboratory has shown little difference; embryo liver cells are now used in this laboratory because these cells are more sensitive to reoviruses (McFerran, 1976, unpublished) . Chick embryo fibroblasts and trachéal organ cultures cannot be recommended because they are much less sensitive to adenoviruses than the aforementioned cell cultures (Miller et al., 1972; Oxford and Potter, 1969; Butler et al, 1972) . In addition to examining the organ with the lesions, it is advisable to use the intestine and trachea or pharynx for adenovirus isolation, because virus persists in these tissues after it cannot be isolated elsewhere.
Serological diagnosis
Most work has been carried out using the double immuno-diffusion test (DID), with an egg adapted strain of FAV-1 as the antigen (Cook, 1970; Schmidt, 1969; Woernle and Brunner, 1963) . The DID test is simple, inexpensive and all recognised serotypes share a common precipitating antigen (McFerran et al., 1975) . However, it is not established if all serotypes possess the group antigen to the same degree. Using a complement fixation test, showed quantitative differences between the eight Japanese serotypes. If this was true for the DID test, then it would be necessary to use a number of antigens to ensure adequate detection of antibody to all serotypes. Although the use of the DID test for survey work suggests that the test is sensitive, this is probably due to the infection of birds with a number of serotypes. Thus birds shown to be free of adenovirus antibodies by serum neutralisation tests and adenovirus infection by regular isolation attempts, often show a very poor DID response after infection by a natural route. If, however, the bird is infected with a second serotype, a pronounced and long lasting response is obtained (Adair, 1976) . Ahmed and El Sisi (1969) found that the greatest rise in the number of birds with antibody occurred between 27 and 65 days after infection. These results might have been due to reinfection from their penmates; the resulting secondary response being detected. The lack of sensitivity of the test was shown by Cook (1972) when she found that only two-thirds of the birds infected orally developed detectable precipitins, and this had fallen to one-third by 10 weeks.
The serum neutralisation test is the most sensitive serological method available for detecting infection (Adair, 1976) . However, it is type specific, and even using a microneutralisation test (Grimes et al., 1976) , it is expensive and time consuming. Other serological methods, such as the radial diffusion (McFerran et al., 1975) or the passive haemagglutination tests (Moreau, 1974; Trewick and Lang, 1971) have not been sufficiently evaluated yet to be recommended for diagnostic purposes.
Association with disease
It is clear from the experimental work carried out with avian adenoviruses that they have a widespread distribution throughout the internal organs of their host, and in spite of this either no or only mild disease occurs. Antibody studies have also demonstrated the widespread distribution of adenoviruses in healthy poultry (Cook, 1970; Yates et al, 1976 ) and adenoviruses are not infrequently isolated from normal commercial birds (McFerran et al., 1971 ; Yates et al., 1976) . Therefore the isolation of an adenovirus from the appropriate organ (e.g., the trachea of a bird suffering from tracheitis) does not necessarily mean it is the aetiological agent of the disease. Such an isolate may be the causative agent, it may have been latent in the bird and have been reactivated by the disease process or it may have been a chance isolate. It seems that most strains of avian adenovirus are unlikely to produce disease by themselves, and their role in disease is more likely to be part of a multiple aetiology.
In assessing the potential of an isolate to cause disease the immune status of the chick must be considered. It is established that maternal antibody to the homologous strain can limit virus spread (Kohn, 1962) and that infection with a serotype can give protection for some time against reinfection with the same serotype (Clemmer, 1965) .
Cross protection between avian adenoviruses has not been demonstrated.
There is a clear age effect with avian adenoviruses, increasing age restricts the degree they multiply within the host (Clemmer, 1972) and the mortality they produce (Cook, 1974b) . Furthermore the strain of bird may influence the effect of the inoculum (Cook, 1974b) and this may explain some of the conflicting results in the literature, for example, the effect of the Tipton strain in adenovirus antibody free chicks McCracken et al., 1976) .
Association with nervous disease
The first indication that adenoviruses could be associated with nervous disease was the observation that intracerebral inoculation of 1-day-old chicks with FAV-1 (Phelps) produced nervous signs. These signs were reduced if avian encephalomyelitis was present (Yates and Fry, 1957) . However, chicks hatched from eggs inoculated with the same strain did not show nervous signs (Yates et al., 1962 ).
An isolate made from an outbreak of chronic respiratory disease caused lesions in the central nervous system when given intracerebrally (Rinaldi et al, 1968) . Toda et al. (1968) described the isolation of type 1 FAV from chicks with central nervous system signs. This isolate produced considerable mortality when inoculated into 3-day-old chicks, but only mild disease in chicks in contact with them. Bakos (1963) also isolated a type 1 FAV from chicks exhibiting respiratory infection and somnolence, but could not reproduce clinical signs using a number of routes of infection. Ahmed and El Sisi (1969) were able to produce nervous signs in 22% of birds inoculated with a type 1 FAV but they were using commercial chickens and avian encephalomyelitis was not excluded, these findings require substantiation.
Effect on egg production
Infection of hens with a FAV by a combined intranasal and intramuscular route produced a 10% fall in egg production lasting about 3 weeks (Berry, 1969) . A greater fall was produced if Mycoplasmagallisepticum was also inoculated, and a severe fall was produced by a combination of adenovirus, Mycoplasma gallisepticum and infectious bronchitis virus. Cook (1972) also found that either intra-trachéal or oral administration of a type 1 FAV (188/67) produced a 10% fall in egg production, lasting 1 to 2 weeks. There was, however, no effect on external or internal egg quality. She found that if the birds were infected with infectious bronchitis virus 3 weeks after the adenovirus, then there was a smaller fall in egg production and fewer soft shelled eggs and cases of egg peritonitis than that produced by infectious bronchitis virus alone. In the Netherlands, investigations into an epidemic of falls in egg production of about 30% accompanied by shell-less or soft shelled eggs, have incriminated adenoviruses on the basis of rising antibody titres (Van Eck et al., 1976) . These outbreaks have been unusual in that they were mostly in flocks around 30 weeks of age and in heavy breeds.
Although these reports would tend to incriminate adenoviruses as a cause of falls in egg production it must be remembered that the isolate 188/67 came from embryonated eggs produced by a flock showing exceptionally high egg production and hatchability (Cook, 1968) , and that in a number of SPF flocks accidentally infected with adenovirus, records of egg production or quality did not show deviations from normal.
Respiratory disease in the fowl
A number of isolates of adenoviruses from cases of respiratory disease in fowl have been recorded (Bakos, 1963; Lim et al., 1973; McDougall and Peters, 1974; Rinaldi et al., 1968) . In addition a number of serological studies have also implicated adenoviruses in the aetiology of respiratory disease (Flir, 1969; Woernle and Brunner, 1963; Lùthgen et al, 1967) . A study of birds from 94 flocks during an epidemic of respiratory disease resulted in the isolation of adenoviruses from 44%, whereas 74 flocks without respiratory disease only produced a 15% adenovirus recovery (McFerran etal, 1971) . The results demonstrate the association between adenoviruses and respiratory disease but do not necessarily prove that adenoviruses are either primary or secondary pathogens. Thus infection with other micro-organisms might activate latent adenoviruses, or the increased respiratory effects may have aided the spread of adenovirus within the flock, thereby facilitating increased frequency of isolation.
Experimental studies support the hypothesis that adenoviruses have a role in respiratory disease, but most probably as secondary pathogens, intensifying the effects of other organisms. Thus were able to reproduce mild respiratory signs in 2-day-old, but not older, birds. Lim et al. (1973) could produce a mild disease with virus given intratracheally but not intranasally, and Cook (1972) also induced mild signs by intratracheal but not oral challenge. Winterfield et al. (1973) were able to produce respiratory signs in 3-day-old to 4-week-old chicks using FAV-1 (Indiana C) given by eye drop and a number of parenteral routes. Using 3 to 4-weekold birds, Aghakhan and Pattison (1974) only recorded mild disease with aerosol infection, but obtained more severe disease by intratracheal or intravenous challenge. The signs were slightly enhanced by the simultaneous inoculation of Mycoplasma gallisepticum (Aghakhan and Pattison, 1976) . However, Monreal (1966b) , using a different strain of FAV-1, could find no enhancement by the use of M. gallisepticum.
Nevertheless there are quite a number of workers who have been unable to reproduce clinical disease following the exposure of fowl to adenoviruses: (Chomiak et al., 1961 ; Cook, 1968; Cox, 1966; Garside, 1965; Kawamura and Horiuchi, 1964; Kohn, 1962; McCracken et al., 1976; McDougall and Peters, 1974; Mustaffa-Babjee and Spradbrow, 1975; Yates and Fry, 1957) . It is of course true that conditions in an intensive poultry unit are different to those in an experimental group, but in many cases the chicks used were SPF, devoid of antibody and exposed by a wide range of routes to a variety of serotypes and strains, and therefore might have been expected to show some signs.
Respiratory disease in the turkey
It is evident from the section on turkey adenoviruses that they have been closely associated with respiratory disease in turkeys. However, because they can be isolated from the respiratory tract of birds without disease and because disease has not been reproduced with these isolates, more work is required to establish their exact role in disease.
Inclusion body hepatitis in fowl
Inclusion body hepatitis (IBH) was first recognised in the USA by Helmboldt and Frazier (1963) . The description of the condition given by Bickford (1972) is typical for many outbreaks. It occurs mainly in broilers, but also in replacement birds, and is characterised by a sudden increase in mortality for a few days. This mortality may vary from 2 to 10%. At autopsy there is marked anaemia, icterus of skin and subcutaneous fat deposits, haemorrhages of various organs and pale, inactive bone marrow. The main lesion is, however, in the liver, which is swollen, light brown to yellow, frequently with haemorrhages. In some outbreaks, the lesions involving the bone marrow are not a marked feature (Howell, 1974; McFerran et al., 1976a; Macpherson et al., 1974) . Stein (1975) considers anaemia to be the main lesion, with only occasional swelling of the liver and German workers suggested the condition should be named hepato-myelopoietic disease (Hoffmann et al., 1975) . Most workers agree that inclusion bodies are present in hepatocytes. They are eosinophilic, large, round or irregular shaped with a clear halo (Bickford et al., 1973; Helmboldt and Frazier, 1963; Howell etal, 1970; Itakuraef a/., 1974a; Pettit and Carlson, 1972) . However, in some outbreaks basophilic inclusions may occasionally be seen (Itakura et al., 1974a; McFerran et al., 1976a; Young et al., 1972) .
Attempts at virus isolation have produced conflicting results. Some workers were unable to isolate virus (Helmboldt and Frazier, 1963; Howell et al., 1970; Pettit and Carlson, 1972) , whilst others have isolated adenoviruses. Thus FAV-1 (Indiana C) (Winterfield etal., 1973) , FAV-2, FAV-3, FAV-4 (McFerran etal., 1976a) , FAV-5 McFerran etal., 1976a) , FAV-8 (McFerran etal., 1976a; Macpherson et al., 1974) and unclassified adenoviruses (Di Franco et al., 1974; Wells and Harrigan, 1974) have been isolated from clinical cases of IBH. Reoviruses have also been isolated from IBH (Hoffmann et al., 1975; McFerran et al., 1976a) .
There have been variable results when attempting to reproduce IBH with these isolates. Fadly and Winterfield (1973) were able to produce a hepatitis in chicks using the Tipton isolate (FAV-5). The route of inoculation of 1-day-old chicks did not influence the result. Also the Indiana C isolate (FAV-1) induced lesions in birds up to 4-weeks-old Winterfield et al., 1973) . These workers described the presence of eosinophilic intranuclear inclusion bodies in experimentally infected birds. Rosenberger et al. (1974) was able to produce hepatitis, haemorrhages but not bone marrow aplasia with the Tipton (FAV-5) and another isolate, DPI-1. Other workers have been unable to produce hepatitis after infection by natural routes (Kawamuraefa/., 1963; Kohn, 1962; McCrackenef al, 1976; McDougall and Peters, 1974) . Following parenteral inoculation of adenoviruses a hepatitis, differing in many respects from IBH has been produced (Cook, 1974b; Defendi and Sharpless, 1958; Kawamura and Horiuchi, 1964; McCracken et al., 1976; McDougall and Peters, 1974; Macpherson etal, 1974; Rinaldi ef al, 1968; Sharpless and Jungherr, 1961; Wells and Harrigan, 1974) . The experimentally produced disease was much less severe than the field disease, and muscle haemorrhages and bone marrow pallor were not a feature. Inclusion bodies in this adenovirus-induced hepatitis were basophilic (Bickford etal., 1973; Cook, 1974b; Itakuraera/., 1974a; McCracken etal, 1976; Macpherson et al., 1974) and resembled those described for adenovirus infection (Boyer et al., 1957) , and did not resemble naturally occurring eosinophilic inclusions. The difference in the morphology of the inclusion bodies is mirrored at an ultrastructural level. Thus examination of livers from natural cases of IBH have revealed either very few or no virus particles in the inclusions (Bickford et al., 1973; Howell et al., 1970; McCracken and McFerran, unpublished observations; Pettit and Carlson, 1972) , whereas examination of livers from adenovirus induced hepatitis has shown cells with numerous adenovirus-like particles (Bickford et al., 1973; McCracken and McFerran, unpublished observations; Nakamatsu et al., 1968 ) similar to those described for chicken kidney cells infected with the eight prototype Japanese serotypes (Maeda et al, 1967) . Rosenberger et al. (1975) demonstrated that lack of immunity to infectious bursal disease in breeder flocks was related to an increased susceptibility of their progeny to anaemia and dermatitis. They postulated that chicks devoid of maternally derived antibody would be susceptible to infectious bursal disease virus infection in the first weeks of life, and the resulting immuno-suppression would allow the adenoviruses to produce the haemorrhagic-aplastic-anaemia syndrome. It is interesting that whilst infectious bursal disease does not occur in Northern Ireland, gross lesions of the bursa of Fabricius and bone marrow changes have not been observed (McFerran et al, 1976a) . Bickford et al. (1973) and Pettit and Carlson (1972) both describe severe anaemia and regression of the bursa. Itakura et al. (1974a) , however, felt that the lesions in the bursa following IBH differed from those following infectious bursal disease.
Oncogenicity of fowl adenoviruses
The oncogenicity of FAV-1 for hamsters was first reported in 1965. Initially only a well differentiated fibrosarcoma at the site of inoculation was reported (Sarma et al., 1965) , but subsequently hepatomas (Anderson et al, 1971a) , ependymonas (Mancini et al., 1969) , adenocarcinomas and hepatomas (Stenback et al., 1973) and other types of sarcoma (Jones et al, 1970) have been described. In vitro transformation of human and hamster cells have also been reported (Anderson et al., 1969a and b) .
Tumours in hamsters are usually produced by subcutaneous inocualtion of virus into hamsters less than 24 hours old, or by injection of adenovirus induced tumour cells subepithelially or into the cheek pouches of weanling hamsters. Although some workers have claimed to have isolated adenovirus from these tumours and to have demonstrated serum neutralising antibody to FAV-1, other workers Schild et al, 1970) could not re-isolate virus, nor could they demonstrate neutralising antibody, although they could detect complement fixing antibody. Complement fixing antibody could be detected to adenovirus structural antigens in a low percentage of primary tumours, but not in animals with transplanted tumours (McCormick et al., 1971) . If hamsters are immunised to FAV-1 and then challenged by inoculation with the cells derived from an adenovirus induced tumour, some degree of protection is achieved (Schild et al., 1970) .
Hamsters with well developed tumours often have antibody in their sera and ascitic fluid, which will detect a non-structural antigen, the T antigen, present in cells transformed in vivo or in vitro. These antigens can be detected using the complement fixation or the indirect immunofluorescence test; the latter is more sensitive (McCormick et al., 1971) . Animals with transplanted tumours have a lower incidence of antibody to T antigen (McCormick et al, 1971 ) and the ability to produce anti T antibodies is related to the size of tumour . It is generally agreed that theT antigen is intranuclear (Anderson et al., 1971b; McCormick et ai, 1971 ; Potter and Oxford, 1969) but some have described it as being confined to the cytoplasm surrounding the nuclear membrane (Miller et al., 1970) . The T antigen can be detected in the early stages of lytic infection of chick kidney cells by FAV-1 (Andersonera/., 1971b; Milleref a/., 1972; Oxford and Potter, 1970) .
Attempts to demonstrate oncogenicity of other avian adenoviruses have been unsuccessful. Thus type 2 (GAL) failed to produce tumours in hamsters (Sarma et al., 1965) and more recent work (Fadly et al., 1976) using a type 1 (Indiana C) a type 5 (Tipton) and an unclassified virus (DPl-2) failed to produce tumours. It is especially interesting that the Indiana C isolate was not oncogenic as it is in the same serological group as the Phelps isolate which is oncogenic.
Quail bronchitis
Quail bronchitis was first described in bobwhite quail (Colinies virginianus) by Olson (1950) . Following an incubation period of 2 to 7 days, the disease was characterised by sudden onset and rapid spread. The signs are râles, coughing, depression, nervous signs and in some birds conjunctivitis. Mortality ranges from 10-100%, especially in young birds (Olson, 1950; Dubose et al., 1958; Dubose and Grumbles, 1959) .
The West Virginia isolate (Olson, 1950) was shown to be similar to a Texas isolate (Dubose et al., 1958) and it was neutralised by FAV-1 antiserum (Yates and Fry, 1957) . Further confirmation that the quail bronchitis virus (QBV) belongs to FAV-1 serotype came from the work of Dubose and Grumbles (1959) . The virus was shown to have a typical adenovirus morphology, and was 70-75 nm in diameter (Dutta and Pomeroy, 1967) . Quail bronchitis virus (QBV) grows well in embryonated fowl and turkey eggs (Dubose and Grumbles, 1959) . QBV in allantoic fluid diluted in broth survived heating at 56°C for 90 min (Dubose et al., 1960) . Olson (1950) could not demonstrate haemagglutination of fowl erythrocytes by QBV.
Quails can be experimentally infected with both QBV and FAV-1 viruses (Olson, 1950; Dubose and Grumbles, 1959) . QBV was recovered from the aqueous humour, trachea, lung, air sacs, spleen and brain (Dubose and Grumbles, 1959) . There are no records of the pathogenicity of other fowl adenovirus serotypes for quail.
Infection of other avian species with fowl adenoviruses
Although FAV-1 (Phelps) had no effect when inoculated into turkeys (Yates and Fry, 1957) , FAV-1 (QBV) was excreted by turkeys (Olson, 1950) . Recently in South Carolina a FAV-1 has been isolated in embryonated hens' eggs from the tracheas of turkeys with respiratory signs (Blalock et ai, 1975) , and the isolate produced signs in poults following intratracheal inoculation.
Two isolates were made from guinea fowl with pancreatitis by the inoculation of pancreas suspension onto the chorio-allantoic membranes of embryonated fowl eggs (Pascucci et al., 1973) . Both isolates were shown to be serologically similar to FAV-1. One of these isolates produced disease and death in 1-day-old guinea fowl when given by natural and parenteral routes, but when given at 15-days-old, birds only showed signs after parenteral inoculation. The signs seen were marked depression, dropping of wings and cessation of growth. Many birds had pancreatitis and air sacculitis. If infected by oral or intranasal routes, or by contact with infected birds, there were respiratory signs and a high mortality. Nervous signs were seen in all birds infected by intracerebral inoculation and in some birds inoculated intraveneously and intramuscularily.
An adenovirus has been isolated from the respiratory tract of pheasant chicks (Cakala, 1966) . It has a common precipitin line with FAV-1 but until neutralisation tests are carried out it cannot be established if this isolate is unique to pheasants or a fowl isolate infecting pheasants.
Fowl serotypes have also been isolated from a number of other avian species (McFerran et al., 1976b) . Thus a FAV-2 has been recovered from a budgerigar, a FAV-5 from a mallard duck and a bantam and FAV-8 from a budgerigar and pigeons. Although these isolates were made from a variety of clinical conditions, their role, if any, in disease remains to be established.
Haemorrhagic enteritis of turkeys
This condition was first seen in Minnesota (Pomeroy and Fenstermacher, 1937) . Following an incubation period of 5 to 6 days, there was a sudden onset of depression and a reduction in food and water consumption, and blood was noted in the faeces for about 24 hours. Mortality ranged from 1% to over 60% of a flock during a 5 to 10 day period, and individual birds either died suddenly or showed rapid recovery (Gross and Moore, 1967) . Typically it affected 4 to 8-weeks-old turkey poults (Domermuth and Gross, 1975) .
Lesions are found in the intestinal tract where there is congestion and massive haemorrhage and sometimes necrosis of the tips of the villi (Gross, 1967) . There are large areas of focal necrosis in the germinal centres of the spleen, and varying degrees of splenomegaly (Carlson et al., 1974) . Intranuclear inclusion bodies are found in cells in the intestine, spleen, liver and bone marrow, and to a lesser extent in cells in many other organs including the bursa of Fabricius. Inclusions are seen in large mononuclear cells in the visceral organs and in the reticular cells of the spleen (Itakura et al., 1974b; Itakura and Carlson, 1975b) . Itakura and Carlson (1975a) concluded that the main lesion is a lymphocytic hyperplasia and whilst a haemorrhagic enteritis is frequently present, splenomegaly is the constant feature.
The aetiology of this condition is not established, but there is presumptive evidence that it is caused by an adenovirus. Attempts to grow the agent in embryonated eggs and cell cultures have been unsuccessful (Domermuth, 1974) , but ultrastructural examination of spleen and intestinal cells revealed intra-nuclear virus-like particles 70-75 nm in diameter with a morphology similar to adenoviruses (Carlson et al., 1974; Itakura and Carlson, 1975a) . Workers in Virginia (Tolin and Domermuth, 1975) described 75-80 nm particles in the spleen, most of which were similar to adenoviruses. In addition they described double shelled particles. Particles of similar morphology have also been described from cell cultures infected with FAV-1 (Petek et al., 1963) . An antigen prepared from affected spleens can be used to detect antibodies to the disease in the double immune diffusion test (Domermuth et al, 1972) . This antigen does not, however, react with antiserum to fowl adenoviruses (Domermuth, 1974) . Marble spleen disease of pheasants Marble spleen disease of pheasants was first recognised in Italy (Mandelli et al., 1966) . It has since been seen in Canada (Carlson et ai, 1973) , England (Bygrave and Pattison, 1973) and the USA (Wyand et ai, 1972) . This disease and haemorrhagic enteritis of turkeys have many similarities (Itakura and Carlson, 1975b; Tolin and Domermuth, 1975) . It is characterised by sudden mortality usually in birds 4 to 8-months-old (Wyand et al., 1972) . It has been recorded in pheasants less than 3-months-old (Bygrave and Pattison, 1973; Carlson et al., 1973) . The birds apparently die from anorexia following acute pulmonary oedema. The lungs are congested and very oedematous and contain scattered areas of focal necrosis involving epithelial and endothelial cells. The spleens are enlarged and contain grey ne erotic foci. Microscopically there is necrosis of lymphoid tissue (Bygrave and Pattison, 1973; Carlson e/ai, 1973; Wyand et al. ,1972) .
The presence of marked deposits of amyloid in the spleen has been described (Wyand et al., 1972) but other workers (Bygrave and Pattison, 1973; Carlson et al., 1973) concluded that the fibrinoid type material present around blood vessels or associated with areas of necrosis was not amyloid. The presence of numerous intra-nuclear inclusions especially in the reticulo-endothelial cells of the spleen and also in lungs, liver and proventriculus have been noted (Carlson et al., 1973; Wyand et al., 1972) . These inclusions are of two types. One is eosinophilic filling a greatly enlarged nucleus, and the other is a round basophilic inclusion centrally located in a slightly enlarged nucleus.
Attempts to grow the agent in pheasant kidney, chicken kidney or chicken embryo fibroblast cells have been unsuccessful (Wyand et al., 1972) and attempts to reproduce the disease using material from affected pheasants have failed (Carlson et al., 1973; Mandelli et al., 1966) . Workers in Canada described virus-like particles in the nucleus of spleen cells. They described large particles about 110 nm in diameter and smaller 90 nm particles, with a hexagonal like profile (Carlson et al., 1973) . Wyand et al. (1972) noted 70 nm adenovirus-like particles in the spleen.
Conclusion
Adenoviruses of birds are ubiquitous. Vertical transmission through the egg is a common, and probably the major, method of spread. But farm to farm transmission, aided by the stability of the virus, is undoubtedly important. Whilst wild birds, e.g. pigeons, are susceptible to infection with fowl serotypes and could therefore aid the spread of virus, it is probable that they are not of major importance. Too little is known about the behaviour of adenoviruses within a large commercial flock. Are they excreted by some birds continuously? Is there a slow spread within the flock so that some birds are always excreting virus or does the virus become latent, only to be re-activated under stress or when tissues are cultivated? Certainly the number of serotypes which can be isolated from a given flock over a short period can be many. Because of the widespread distribution of avian adenoviruses, care must be exercised in attributing disease to them just because they can be isolated from a clinical condition. However, they may well be important in a number of diseases, either as primary or secondary pathogens; respiratory disease, IBH and falls in egg production are the most probable candidates. It would be most interesting if marble spleen disease of pheasants and haemorrhagic enteritis of turkeys prove to be caused by adenoviruses because of the failure of these agents to grow in cell culture or embryonated eggs.
RESUME
Adénovirus aviaires -Revue
La littérature sur les adénorirus aviaires est passée en revue avec une particulière référence au virion, au nombre de sérotypes, à l'épidémiologie, au diagnostic et à l'association avec la disease (test de séroneutralisation). Il y a probablement au moins 12 sérotypes qui partagent un antigène aviaire commun distinct de l'antigène du groupe des mammifères. Les 3 complexes pathologiques les plus souvent associés aux infections à adénovirus aviaires sont la maladie respiratoire, les chutes de production d'oeufs et l'hépatite.
ZUSAMMENFASSUNG
Aviàre Adenoviren -Übersichtsreferat
Es liegt ein Überblick der Literatur über aviäre Adenoviren vor mit besonderer Berücksichtigung von Virion, Anzahl der Serotypen, Epidemiologie, Diagnose, Verwendung des Serumneutralisationstestes zur Feststellung einer Beteiligung an Krankheiten. Es gibt wahrscheinlich mindestens 12 Serotypen, die ein gemeinsames aviäres Gruppenantigen besitzen, das vom Säugergruppenantigen verschieden ist. Die 3 am häufigsten mit Adenovirusinfektionen verbundenen Krankheitskomplexe sind Atemstörungen, Abfall der Legeleistung und Hepatitis.
